Effect of characteristics of Sm 0.2 Ce 0.8 O 1.9 (SDC) powder as a function of calcination temperature on the fabrication of dense and flat anode-supported SDC thin electrolyte cells has been studied. The results show that the calcination temperature has a significant effect on the particle size, degree of agglomeration, and sintering profiles of the SDC powder. The characteristics of SDC powders have a significant effect on the structure integrity and flatness of the SDC electrolyte film/anode substrate bilayer cells.
Introduction
The excessive and accelerated use of fossil fuels, especially coal, oil, and gas, in the past 100 years has triggered a global energy crisis, and carbon emission from power generation using fossil fuels is considered a key contributor to climate change and related environmental problems. Fuel cell is an energy conversion device to electrochemically convert the chemical energy of fuels such as hydrogen, methanol, ethanol, natural gas, and light hydrocarbons to electricity with inherently high efficiency.
Among various types of fuel cells, solid oxide fuel cell (SOFC) is the most efficient and much less polluting power-generating technology, and is a potential and viable candidate to moderate the fast increase in power requirements and to minimize the impact of the increased power consumption on the environment. To accelerate the commercialization of SOFC technologies, it is necessary to reduce the operating temperature of SOFCs from conventional 1000 o C to intermediate temperature range of 600-800 o C to increase the long-term stability, widen the selection of interconnect and heat exchanger materials, and use low cost fabrication processes [1] [2] [3] [4] . One challenge associated with lowering the operating temperature is the significant increase of the electrolyte resistance. For example, for the state-of-the-art yttria-stabilized zirconia (YSZ) electrolyte materials, the oxygen ion conductivity is 0.16 S cm -1 at 1000 o C and decreases to 8.73×10 -3 S cm -1 when temperature is reduced to 600 o C [5] . This problem, however, can be mitigated by developing new electrolyte materials with high ionic conductivities [6, 7] and/or by reducing the thickness of electrolyte to several or tens of microns [8] [9] [10] [11] .
Doped ceria such as samaria doped ceria (SDC) is widely used as candidate electrolyte materials for low to intermediate temperature SOFC, because of their much higher ionic conductivity compared to that of the YSZ electrolyte materials [12, 13] .
High SOFC performance has been obtained at reduced temperatures by use of anode-supported doped ceria electrolyte films [14] [15] [16] [17] [18] [19] [20] [21] [22] . For the anode substrate/electrolyte film bilayer structure, it is critical to match carefully sintering profiles of both the anode substrates and the thin electrolyte layer, otherwise the sintering mismatch will cause intolerant bending and/or cracking of the structure during co-sintering [23] .
The structural integrity of the anode-supported cells depends strongly on the characteristics of the starting powders and the sintering profile of both the anode substrate and electrolyte layers. The shrinkage profile of the anode substrates could be manipulated by using different amounts of pore-formers [24, 25] , composite pore-formers [26] , the pre-sintering temperatures of anode substrate [27, 28] , variation of the packing density of anode substrate [29] , or changing the particle size of starting powder of anode [30] . In addition, the sintering profiles, sintered density of electrolyte film and cell flatness are also significantly affected by the characteristics of electrolyte slurry such as ink solids loading [27, 31] and the starting powder [32] . The characteristics of the starting electrolyte powders not only affect the sintering profile but also affect the resultant density of the film. Leng et al. [32] showed that electrolyte film made from nano-sized YSZ powder is unable to be fully densified at 1400 o C but the submicron sized powder can produce dense and pore-free YSZ films. The low green density of the nano-sized YSZ powder and the significant difference in the sintering behavior of the nano-sized YSZ electrolyte layer and the Ni/YSZ anode substrate are the main reasons for the poor quality YSZ electrolyte film obtained. It is known that the ultrafine particle size, particle shape, green density and aggregation of the precursor powders all affect the morphology and sinterability of the powders, thus greatly influence the density of the sintered electrolyte film [33, 34] . Song et al. [35] showed that the bending of anode-supported cells could be avoided by placing a zirconia plate weight over the bilayer cells during co-sintering. However, large internal stress could be accumulated within the bilayer structure due to the mismatch of the sintering profiles and the release of the stress during cell operation and testing can cause the formation of cracks across the YSZ film and subsequent failure of cells [29] .
The characteristics of the starting powders plays an important role in the sintering profiles and is critical for the structural integrity of the anode supported cells. However, despite the significant information on the effect of the characteristics of the starting powders on the sintering process and performance of anode-supported cells based on YSZ electrolyte [24-28, 31, 32] , there is relatively little information in the open literature on the effect of the characteristics of the ceria-based powders on the sintering profile and structure integrity of the anode-supported ceria-based electrolyte cells. In this paper, the characteristics of the morphology and particle size distribution of SDC powder as a function of calcination temperatures were studied and their effects on the sintering profile and the structure integrity of anode-supported SDC thin film cells by slurry spin coating were studied. The results show that dense and flat anode-supported thin SDC electrolyte cells can be obtained by careful control of the characteristics of the SDC powder by combination of calcination and mechanical ball milling treatments. The crystalline structures of the powders were identified at room temperature by powder X-ray diffractometer (XRD, Bede D1 X-ray Diffractometer) using Cu K α radiation. The grain size and morphology of the SDC powder were determined by a transmission electron microscopy (TEM, JEOL JEM-1200EX). The microstructure of the SDC powder was detected by a scanning electron microscope (SEM, Hitachi S-570).
Experimental
The surface of electrolyte films and cross-sections of the cells were characterized by SEM.
Results and discussion
3.1 Phase and particle size characterization of SDC powder 
where D is the average crystalline size, β is the full-width at half height of the peak of which the effect from the XRD instrument has been deducted, λ is the wavelength of X-ray and θ is the diffraction angle of the peak. The estimated average crystallite size is 14 nm after calcination at 600 ºC, increasing to 31 and 86 nm after calcination at 800
and 1000 ºC, respectively. The average grain size of the nanoparticles increases continuously during calcination in order to minimize the high surface energy of the nanoparticles [38] .
The particle size and morphology of the SDC nanoparticles were characterized by TEM, and the micrographs are shown in Fig. 2 . The powders were dispersed in ethanol media by ultrasonic treatment followed by dropping on Cu foil. The particles exhibit almost spherical shape. The particle size of the SDC powders calcined at 600, 800 and 1000 o C was estimated as 9-12 nm, 20-35 nm and 25-80 nm, respectively, in good agreement with the calculated results from the XRD (Fig. 1 ). It shows a significant agglomeration of the nanosized SDC particles calcined at 600 and 800 o C ( Fig. 2a and   b ). The significant agglomeration is due to the tendency of the nano-sized particles to minimize the high surface energy [38] . This is also supported by the observation for the SDC powders calcined at 1000 o C, the crystalline size increases, leading to the significant reduction in agglomeration (Fig. 2c ). The formation of a highly porous and foam-like agglomerate structure is primarily resulted from a large amount of gases released by the redox reaction during GNP synthesis processes [36] . The foam-like agglomerates are consisted of nano-size crystalline particles as shown in Fig. 2 . The loosely bonded and porous agglomerate powder prepared by GNP has been shown to be beneficial for the fabrication of thin electrolyte film supported on porous anode substrate by dry pressing [39] . The soft agglomerates could be broken up by the high compaction pressure and thus a high packing density could be obtained after the compaction process [15, 29, 40] . However, the direct use of the loosely packed foam like powders as the starting materials for the slurry based fabrication methods such as slurry spin coating may result in low packing green density of the thin layer, which in turn could lead to the porous electrolyte films after sintering at high temperature [34] .
It is important to establish the relationship between the characteristics of the powder and the density of the SDC electrolyte layers. Therefore, the as-calcined SDC powders were treated by mechanical ball milling, and the particle size distribution was measured as a function of the ball milling time. Fig. 4 shows an example of the particle size distributions of SDC800 as a function of ball-milling time. The as-calcined SDC800 powder before ball milling treatment shows a rather symmetric and narrow distribution with a maximum at ~6 μm. After ball milling for 4 h, there is a significant change in the particle size and particle size distribution. This is indicated by the significant reduction in particles size and the formation of a new peak at 0.2 μm. The SDC800 powders after ball milling treatment is characterized by a bimodal distribution.
With continuing ball milling treatment, the position of peak at 1 μm is gradually shifted to lower value and the peak intensity at 0.2 μm increases. After ball milling for 20 h, the powder shows a strong peak at 0.2 μm and a weak one at 1 μm, and the particle distribution range is reduced to 0.06-3.0 μm. The significant decrease in particle size and particle size distribution demonstrates that the degree of agglomeration in the as-calcined SDC powders has been significantly reduced by the ball-milling treatment and ball-milling is effective to break the agglomerated powders. However, the particle size after ball milling for 20 h is still much larger than the crystallite size (see Figs. 1 and 2). This suggests that there still exist large amount of agglomerates after the ball-milling treatment. With a further increase in the ball-milling time, the effect of the ball-milling on the reduction in the agglomerate size became smaller. Thus in this study all the as-calcined SDC powders were ball milled for 20 h prior to the slurry spinning coating fabrication process.
The particle size distributions of the SDC powders calcined at different temperatures after ball milling for 20 h are shown in Fig. 5 . All the three SDC powders show characteristics of a bimodal particle size distribution with similar peaks at 0.2 and 1 μm.
The particle size range was 0.06~3 μm. As the calcination temperature increases, the peak at 1 μm decreases while the peak at 0.2 μm increases, although the difference is not significant. This result is interesting as it indicates that calcination at a higher temperature leads to a smaller secondary particle size after ball milling. However, this can be explained by the observations that calcination at a higher temperature results in a larger crystallite size and thus reduced tendency to form agglomerates ( Fig. 1 and 2 ).
Therefore, ball-milling treatment will be more effective to break the agglomerates with large crystalline particles as compared to that with fine crystalline particles. The characteristics of particle size distribution will have a significant effect on the sintering behavior of the powders, and subsequently on the microstructure and performance of the thin electrolyte film cells [41] .
Sintering shrinkage and co-sintering behavior
Sintering behavior of SDC powder and NiO/SDC anode substrates was studied to estimate the effect of calcination temperature on the sintering profiles of SDC powder. The high shrinkage of anode substrate is most likely related to the thick Ni/SDC substrates. The linear shrinkage is related to the initial packing density of the compacts.
Thus more pores in the compacted specimens with lower density would lead to larger shrinkage.
Another important parameter of the sintering profile is the shrinkage rate (Fig. 6b) .
The maximum shrinkage rate or the sintering peak of the SDC powders increases with the calcination temperature. Ma and Lim [42] studied the sintering process of alumina powders and showed that during sintering, alumina powders firstly undergo local densification within agglomerates, leading to the formation of channel like pores and their evolution into isolated pores, and eventually the elimination of the pores by further sintering. The earlier occurrence of the shrinkage peak indicates the sintering and densification process between the agglomerates. The maximum shrinkage rate occurred at temperatures of 887, 992, and 1258 o C for the SDC powders calcined at 600, 800 and 1000 o C, respectively. In the case of anode substrate, the maximum shrinkage occurred at 1200 o C, close to the SDC powder calcined at 1000 o C. The parameters of the sintering profiles of SDC powder and anode substrate are given in Table 1 .
The thermal or sintering compatibility of the SDC powder and the anode substrate was examined in co-sintered anode-supported SDC bilayer structure. The anode-supported SDC bilayer structures were co-sintered at 1400 o C for 4 h at an average heating rate of ~3 o C min -1 and SDC powders that were ball milled for 20 h were prepared onto NiO/SDC anode substrates by slurry spin coating. Fig. 7 shows the optical photos of the anode-supported SDC bilayer cells after co-sintering. The bilayer samples show different morphologies and appearance with the SDC powders. As the anode substrates were the same for all the samples, the significant difference in the morphologies of the bilayer cells is evidently due to the differences in the calcination temperature of the starting SDC powder. For the bilayer sample with SDC600, a great part of the electrolyte films delaminated from the anode substrate, and the anode substrate was flat. In the case of cells with SDC800 and SDC1000 powders, there is no electrolyte delamination, indicating the good adhesion between the anode substrate and the SDC layer. However, the bilayer cell with SDC800 electrolyte thin film concaved towards the electrolyte. The flat bilayer structure was obtained on the cells with SDC1000 electrolyte powder. The results demonstrate that the SDC1000 electrolyte film appears to match well thermally with the anode substrate during co-sintering process. and 1200 o C for the anode substrate. This indicates that the SDC600 electrolyte layer started shrinkage and reached the maximum shrinkage rate, much earlier than that of the underneath anode substrates. For example, the SDC600 electrolyte layer already shrunk 5.2% at 920 o C, the onset shrinkage temperature of the anode substrate (Fig. 6a) . The significant mismatch of the T Shrinkage and T Shrinkage rate between the SDC600 electrolyte layer and anode substrates would result in a very large tensile stress on the thin electrolyte layer, leading to the delamination and peeling off of the SDC electrolyte layer from the anode substrate. In the case of SDC800, the T Shrinkage and T Shrinkage rate of the SDC electrolyte layer are 645 and 992 o C, respectively, which are higher than that of SDC600 but still lower than that of anode substrates. Due to the reduced differences of the T Shrinkage and T Shrinkage rate of SDC800 electrolyte and anode substrates, the internal stress within SDC800 electrolyte layer due to the early shrinkage of the SDC layer would not be high enough to delaminate but is sufficient to deform/bend the anode substrates, as indicated by the curved bilayer structure (Fig.7) . For the cell with the SDC1000 electrolyte layer, the T Shrinkage of SDC electrolyte is 843 o C, slightly lower than substrate minimizes the internal stress during the co-sintering process. This is supported by the observed flat anode-SDC bilayer cells with SDC1000 electrolyte thin layer (Fig.   7 ). As shown in Table 1 , the differences of the linear shrinkage percentage between SDC1000 and anode substrate is 6.4%, higher than that of the SDC800 and SDC600.
This indicates that the most important parameters for the structure integrity and flatness of the anode-supported SDC thin electrolyte cells are the matching of the onset shrinkage temperature and the maximum shrinkage rate temperature. Fig. 9 is the SEM micrographs of the surface of SDC electrolyte films on the anode substrate after co-sintering. All the SDC films have similar grain size in the range of 0.7-1.4 μm. Defects such as cracks and pinholes were observed on the electrolyte surface and the degree and number of defects decrease significantly as the calcination temperature of starting SDC powder increases. There was significant formation of cracks and pinholes on the SDC600 electrolyte surface (Fig. 9a ) and on the SDC1000 electrolyte surface only isolated pinholes were observed (Fig. 9c) . The magnitude of the formation of defects is closely related to the matching of the sintering profile (i.e., the sintering parameters as discussed above) between the SDC electrolyte layer and the underneath anode substrate. The sintering of primary particles in agglomerates at the early stage of sintering will leave pores between agglomerates, leading to inhomogeneous microstructure. In addition, the tensile stress on the electrolyte film due to the mismatching of the onset shrinkage temperature and maximum shrinkage rate temperature between the SDC electrolyte layer and the anode substrate would hinder the sintering of the electrolyte and thereby decrease the sintered density of the electrolyte film. As the calcination temperature of SDC powders increases, the tendency of agglomeration decreases and the sintering mismatch problem of the bilayer can be mitigated.
Cell performance
To address the application the SDC electrolyte films in SOFC, BSCF cathodes were prepared on the anode-supported SDC800 and SDC1000 thin electrolyte films to form single cells. The performance of the cells is shown in Fig. 10 . respectively. The short-circuit current (I s ) of the cell based on the SDC800 electrolyte is also larger than that of the cell based on the SDC1000 electrolyte. For example, the I s of the SDC800 cell at 650 o C is 5.65 A cm -2 , which is higher than 4.57 A cm -2 of the SDC1000 cell. (Fig. 11) , the smaller ohmic resistance of the SDC8 film may be due to the more intimate and good contact at the anode/electrolyte interface. Since the sintering shrinkage of the SDC800 electrolyte layer is larger than that of the SDC1000 electrolyte layer and the anode substrate, the compressive stress on the anode substrate would be likely larger during the co-sintering process, which could be beneficial to achieve a better contact between the electrolyte layer and the anode substrate and thereby a lower ohmic resistance. The overpotentials of the cells with SDC800 and SDC1000 are almost identical, which in turn indicates that performance difference between these two cells is primarily due to the iR losses of the cells Fig. 10 ).
Conclusions
The 
